ABSTRACT In this paper, the minimum achievable rate maximization problem for wireless-powered multiple users is investigated. Zero-forcing (ZF)-based precoding is considered for information transmission (IT) in the uplink from multi-antenna users to a multi-antenna access point that charges the users through wireless power transmission (PT) in the downlink. A max-min user rate optimization problem is formulated when a ZF-based transmission is used for spatial division multiplexing in the IT phase. We propose a low-complexity method to design the energy beamformer for the PT phase, the transmit power allocation for multi-stream transmission for the IT phase, and the time ratio between PT and IT phases in terms of maximizing the minimum achievable rate. The validity of the proposed scheme is shown through complexity analysis and numerical simulations.
I. INTRODUCTION
Radio frequency (RF)-based wireless energy transfer (WET) has been extensively studied as a means to enlarge the lifetime of embedded sensors, Internet of Things applications, and RF identification tags through wireless charging [1] - [3] . The WET naturally can be implemented in combination with a wireless communication system which conveys information through RF signals. The information and power can be transmitted to the same direction using simultaneous wireless information and power transfer (SWIPT) techniques [4] - [8] . On the other hand, a wireless powered communication network (WPCN) has been widely investigated, in which powerconstrained sensors and devices use wireless charging to power and then transfer information using the charged power [9] - [17] . The WPCN technique has been further extended to massive antenna systems to increase throughput by optimizing WET efficiency and achievable rate [18] , [19] .
In this paper, we consider multi-user multi-input multioutput (MU-MIMO) channels for the WPCN. In the MU-MIMO WPCN, an access point (AP) empowers multiple users during the downlink power transmission (PT) phase, and subsequently, the users transmit multiple data streams to the AP during the uplink information transmission (IT) phase. We formulate a max-min user rate optimization problem based on zero-forcing (ZF) uplink transmission, under the transmit power constraints determined by the downlink harvested power, and propose a low-complexity solution for real-time processing. The max-min user rate optimization problem can be solved by the interior-point method [24] , however, this requires excessive computational complexity making real-time processing difficult. In an attempt to reduce the computational load, ZF-based block diagonalization is used to remove the multi-user interference (MUI) in the IT phase, and a geometric mean is employed to approximate the uplink multi-stream MIMO channel into a single-stream channel. In the PT phase, the downlink energy beamformer is designed using the low-complexity precoding scheme in [22] instead of solving the optimization problem using the interiorpoint method. Moreover, a simple gradient descent algorithm is derived to find the optimal time ratio between PT and IT phases that maximizes the minimum achievable rate.
In [10] , a ZF-based optimization problem has been considered for a WPCN with a multi-antenna AP and singleantenna multiple users, and a suboptimal downlink beamforming method has been proposed. While this method can be used only for an MU-MIMO WPCN with a single uplink data stream per user, the proposed scheme supports multiple data streams for each user in the uplink. Through numerical simulations, it is shown that the proposed technique has better max-min user rate than the ZF-based suboptimal method in [10] even when a single data stream is transmitted in the uplink. In addition, it is verified that the proposed method can significantly reduce the computational complexity with the moderate loss of the achievable rate, compared to the upper bound.
Notation: A * and A H denote the complex conjugate and the complex conjugate transposition, respectively; for a square matrix B, tr(B) and |B| represent the trace and determinant operators; diag(B) returns a column vector composed of the main diagonal elements of B; I N means an N-by-N identity matrix; and R M ×N and C M ×N are the sets composed of M-by-N real-and complex-valued matrices, respectively.
II. WIRELESS-POWERED MULTIUSER MIMO SYSTEM
We consider a wireless-powered multiuser MIMO system, in which an AP with M antennas transfers power to K users during the downlink PT phase with time ratio τ (0 ≤ τ ≤ 1) as shown in Fig. 1 , and subsequently, using the harvested energy, the users simultaneously transfer information to the AP during the uplink IT phase with time ratio (1 − τ ) as shown in Fig. 2 . The IT and PT phases are separated by time-division duplexing (TDD). When the kth user has N k antennas, the downlink and uplink MIMO channels between AP and user k are denoted as Under the assumption that the AP knows full channel state information (CSI), the AP determines an energy beamforming vector v ∈ C M ×1 , and broadcasts an energy beam to K users. Using the harvested power in the downlink PT phase, the users transfer information to the AP while eliminating the MUI through a ZF-based precoding and combining method. For the ZF-based transmission, we assume that the AP has sufficient antennas, i.e., M ≥ N t = k=K k=1 N k , such that the MUI can be fully eliminated at the AP.
The AP generates a random symbol s e , and transmits
with its maximum available transmit power P t during the PT phase, such that the energy beamforming vector v fulfills that v 2 ≤ P t . Concurrently, the energy harvested from the broadcast signal x e by the kth user is as follows:
where 0 < ε ≤ 1 is the energy harvesting efficiency and (·) H means the complex conjugate transpose. Using the harvested energy, the kth user transmits precoded symbols x k ∈ C N k ×1 to the AP during the IT phase. Since the time ratios for PT and IT phases are τ and 1 − τ , respectively, the maximum transmit power of user k is given by
which will be used as an uplink power constraint later. Using the harvested energy, the kth user transfers L k data streams, where L k ≤ N k . The L k -by-1 information vector s k is scaled according to a diagonal power allocation matrix
and precoded by U k ∈ C N k ×L k . Thus, the transmitted information symbol vector is represented as
The uplink received signal is then written as
where n ∈ C M ×1 is a complex additive white Gaussian noise vector at the AP with n ∼ CN (0, σ 2 I M ). Suppose that the uplink receiver uses a linear processing without interference cancellation. Then, the interference correlation matrix for user k is given by
, and the achievable rate for user k is denoted as
Using (7), the max-min user rate optimization problem is defined as
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The problem (8) is a convex optimization problem, because the constraints are all convex functions. However, finding the optimal solution of (8) necessitates convex optimization techniques such as the interior-point method [24] which requires excessive computational complexity for large M and K. Thus, the solution of (8) is only used to denote the performance upper bound. For a more practical approach, we consider a ZF-based spatial division multiplexing in the IT phase. In a similar approach to [20] , the AP performs ZF-based block diagonalization to remove the MUI by using the receive processing with W k ∈ C M ×L k as follows:
where W k and H e,k are a combining matrix for user k and the effective channel matrix of user k, respectively, defined as
Here,
is composed of the basis for the nullspace ofH k , which is the MUI channel for user k defined asH
is obtained through singular value decomposition (SVD) ofH k as follows:
where X k and Y k are the left and right singular matrices of H k , respectively, and the superscripts < 0 > and < 1 > represent that the singular matrices correspond to the zero and non-zero singular values, respectively. In (9), the R k ∈ C (M −N t +N k )×L k is a receive processing matrix for H e,k . By again performing the SVD of H e,k in (10), we have
By substituting (13) into (9), the optimal U k and R k are obtained as
and the combined signal at the receiver is given by
where k ∈ R L k ×L k is the submatrix composed of the first L k row and column elements of k , i.e., k is a diagonal matrix including the L k largest singular values of H e,k [21] .
III. PROBLEM FORMULATION AND PROPOSED ALGORITHM
Now, we design the downlink time ratio τ , energy beamformer v in the PT phase, and power allocation matrix 
Using (3) and (16), the ZF-based max-min rate optimization problem is formulated as follows:
where (17a) and (17b) are for maximizing the minimum of R k , (17c) and (17d) are for the power constraints at users, and (17e) is for the power constraint at the AP. (17) is a convex optimization problem, yet a closed-form solution is not available. Thus, the optimal solution of (17) can be found by an iterative method such as the interior-point method that requires high computational complexity [24] .
As an alternative to solving the optimization problem (17), we derive a ZF-based suboptimal solution in a closed-form. To do this, the uplink multi-stream MIMO channel for each user is approximately represented as a single-stream channel, and a low-complexity closed-form beamformer is proposed by using the simplified precoding scheme in [22] . With a high signal-to-noise ratio (SNR) assumption, we can make an approximation of the determinant in (16) as follows:
where ρ k, and p k, are the th diagonal elements of 1 σ 2 2 k and P k , respectively; and ρ G,k and p A,k are the geometric mean of {ρ k, } and the arithmetic mean of {p k, }, respectively, given by
Using the approximation in (18) , the constraint (17b) can be reformulated as
From (17e), the optimal energy beamforming vector holds the equality condition, i.e., v H v = P t . For a fixed τ , using this equality condition and the broadcasting nature of PT, the downlink energy beamformer can be designed by using the closed-form precoding scheme in [22, eq. (6) ] as follows:
where µ is a normalization factor that fulfills (
Following the low-complexity design method in [22, eq. (6) ], γ k is inversely proportional to λ k when a single energy stream is transmitted. Since the user suffers from the near-far problem due to the gain mismatch in downlink and uplink [10] , γ k is also inversely proportional to the square root of the uplink channel gain ρ G,k . Therefore, γ k is defined as follows:
With v o in (22), the uplink achievable rate for user k is obtained by solving the following optimization problem.
s.t.
Let us define new coefficients c k, that satisfy
Then, (24) is rewritten as
where
Here, the optimal weights {c k, } can be found by using a water-filling algorithm with the transmit power constraint (26b).
Finally, by substituting v o and {p o k, } into the original optimization problem (17) , an optimization problem with respect to τ is obtained as
where R k (τ ) is given by
In (27a), the objective function is concave with respect to τ , because R k (τ ) is concave as shown in Fig. 3 . The convexity is also proven analytically in Appendix. Therefore, the optimization problem (27) can be efficiently solved by using a line search or gradient descent method. The gradient descent algorithm for solving (27) is summarized in Algorithm 1, where α is the step-size, β is the tolerance factor, and δ is a small constant for computing a numerical gradient. In Fig. 4 , the transient characteristics of the proposed gradient descent algorithm in Alg. 1 are shown. Here, the number of data streams per user is set by 
Compute c k,l by solving (26) using the water-filling algorithm. 7.
Find the user index with minimum rate: m = arg min {R 1 (τ (j)), · · · , R K (τ (j))} where R k (τ ) is defined as (28). 8.
Compute the numerical gradient of R m (τ ):
Update τ (j) using the gradient descent method:
Update iteration index: j = j + 1. 11. end while 12. τ o = τ (j) and J = j. VOLUME 6, 2018 L k = 3 and the interference-and-noise power is defined between −60 dBm and −100 dBm. The other parameters are shown in Tab. 2. As shown in the results, a few numbers of iterations, around five, is sufficient for the convergence of both operation time variable τ and max-min user rate R(τ ). Therefore, ignoring the number of iterations, we can proceed the computational complexity analysis of the proposed algorithm in the next section.
IV. MAX-MIN ACHIEVABLE RATE UNDER CHANNEL UNCERTAINTY
This section considers channel uncertainty due to channel estimation error and/or CSI feedback delay in practical WPCN systems. At the AP, the downlink and uplink channels for user k are denoted as [25] , [26] 
where E G,k ∈ C N k ×M and E H ,k ∈ C M ×N k are channel error matrices for downlink and uplink, respectively, whose elements are independent and identically distributed (i.i.d.) complex Gaussian random variables with zero mean. The normalized mean square errors (MSEs) for downlink and uplink channels are defined as
where σ 2 G,k and σ 2 H ,k are variances of the elements for E G,k and E H ,k , respectively. Using the channel matrices with uncertainty in (29), the max-min user rate optimization problem in (8) is modified as
whereR C,k andP C,k are given bỹ
Using the optimal τ , {U k }, {P k }, andṽ, the real achievable rate for user k is obtained as
Since the constraint (31b) includes the uplink CSI error and the constraint (31d) has the downlink CSI error, the max-min achievable rate is degraded. The optimal solution of (31) is used as a benchmark system to compare with the proposed ZF-based method under CSI uncertainty.
As a next step, the proposed ZF-based method is derived under imperfect CSI. The uplink channel gainρ k, and corresponding geometric meanρ G,k are evaluated by usingH k . In addition, the downlink energy beamformer for the proposed method is expressed as
whereṽ k is the eigenvector corresponding to the maximum eigenvalueλ k ofG H kG k andγ k is defined as
Moreover, the maximum transmit power is given bỹ
In this case, the proposed ZF-based method include MUI due to imperfect ZF in the uplink, and thus the achievable rate for user k is written as
is a diagonal matrix whose elements are obtained by the water-filling algorithm with the transmit power constraint byP max,k . Using (38), the optimal τ is found by using Algorithm 1.
V. COMPLEXITY ANALYSIS
The computational complexity of the proposed ZF-based method is compared to that of solving (8) to obtain the upper bound. For simplicity, it is assumed that all users send the same number of data streams with the same number of antennas, i.e., N k = N and L k = L for all k, and also assumed that each user transmits the maximum number of data streams, i.e., L = N . We evaluate the complexity order of the proposed method including SVD for ZF-based uplink transmission, the design of the downlink energy beamformer, uplink power allocation, and optimization of τ . Table 1 presents the analysis results for each step, where J is the required number of iterations to reach the optimal τ in Algorithm 1. Note that J ≤ 5 as shown in Fig. 4 . Suppose that the AP has just a sufficient number of antennas, i.e., M = KN . Then, the overall complexity is expressed as On the other hand, the overall complexity required to optimally solve (8) is around
when the interior-point method with Newton-like inner-loop iterations are used [24] . From the analysis, it is clearly shown that the proposed suboptimal algorithm can significantly reduce the computational complexity. Fig. 5 shows the validity of complexity analyses in (39) and (40). As shown in Fig. 5 , it is clear that the time complexity of the proposed ZF-based method is negligible compared to that of the upper bound. This is also verified by runtime in seconds shown for various K when L = N = 2 and M = 2K by using a server with i7-4790, 3.6 GHz CPU, and 16 GB RAM.
VI. PERFORMANCE COMPARISON
We now consider an operation scenario with one AP with M = N (K + 1) antennas and K . Each user transmits one or three data streams with three antennas, i.e., L k = {1, 3} and N k = N = 3. We assumed the channel reciprocity, i.e., G k = H H k ; and used flat fading Rician channels with 3 dB K-factor in combination with an indoor model of international telecommunication union radiocommunications (ITU-R) path loss model defined as follows [27] :
where f c = 2.4 GHz is a carrier frequency and d k is the distance in meter between the AP and user k. Also, we used that P t = 20 dBm and = 0.5. For Alg. 1, the following parameters were used: α = 0.02, β = 0.001, and δ = 10 −4 . The simulation parameters are listed in Table 2 . To justify the proposed suboptimal ZF-based MU-MIMO WPCN, the maxmin achievable rates of the following MU-MIMO WPCNs are evaluated and compared.
• An optimal scheme, which achieves the upper bound by solving (8) through an interior-point method.
• A ZF suboptimal scheme with fixed τ by 0.5, which is the same as the proposed scheme except τ .
• A ZF suboptimal scheme with L k = 1, which is the same as the proposed scheme except that L k is fixed to one.
• A ZF suboptimal method, which is originally derived for single-antenna users in [10] and extended to multiantenna users with L k = 1 in our simulation. (22) has robust downlink performance as reported in [22] . Fig. 7 compares the max-min achievable rates for various number of users, K up to eight with d k ∈ {1.0, 1.4, 1.8, 2.0, 2.2, 2.3, 2.4, 2.5}. In general, the max-min achievable rate decreases as the number of users increases, because downlink energy is more scattered to multiple users and uplink channel gains are decreased to support spatial division multiplexing of the increased number of users. Here, we observe that the max-min achievable rate of the proposed ZF scheme with L k = 3 decreases slightly faster than that of the upper bound.
However, the proposed scheme still outperforms other suboptimal schemes. For example, the proposed method with L k = 3 has better achievable rate than the ZF suboptimal with fixed τ , and the proposed method with L k = 1 is more beneficial than the conventional ZF suboptimal with L k = 1 as the number of users increases.
To clearly justify the proposed scheme, further rigorous comparison is provided for a large number of users. In Fig. 8 , we consider uniformly distributed K users, i.e., d k ∼ U (1, 3) , when K ≥ 10. The proposed ZF methods with L k = 3 and L k = 1 are compared to the ZF suboptimal with fixed τ and the conventional ZF scheme with L k = 1. Note that the upper bound is infeasible for the comparison with a large number of users because it has prohibitively huge computational complexity as shown in Fig. 5 . As shown in Fig. 8 , the proposed ZF suboptimal method with L k = 3 still achieves the largest max-min rate compared to the other suboptimal schemes. Indeed, the max-min rate slightly decreases as the number of users increases; however, an almost constant performance gap is observed regardless of the number of users among the proposed methods with L k = 3 and L k = 1 and the ZF suboptimal with fixed τ . However, as the number of users increases, the conventional ZF suboptimal with L k = 1 exhibits more severe max-min rate loss compared to other techniques. From this observation, we can surmise that the proposed ZF suboptimal method is the best feasible scheme for an arbitrary number of users, even for a very large number of users. Fig. 9 shows the max-min achievable rate of various WPCN techniques under CSI uncertainty, when K = 4 with d k ∈ {1.0, 1.4, 1.8, 2.0} and σ 2 = −85 dBm. In the simulation, it was assumed that the channel error variance is identical to all users and also that the downlink and uplink have the same channel error variance, i.e., σ 2 G,1 = · · · = σ 2 G,K = σ 2 H ,1 = · · · = σ 2 G,K . In the figure, the upper bound means the max-min achievable rate with perfect CSI. As expected, all WPCN techniques suffer from more performance loss as the normalized MSE of channel increases. The proposed ZF method with L k = 3 outperforms the ZF suboptimal scheme with fixed τ and the conventional ZF method with L k = 1 irrespective of the normalized MSE. Interestingly, the capacity-based method obtained from (31) is more sensitive to the CSI error than the proposed ZF method, and thus the proposed technique with L k = 3 has better max-min achievable rate than the capacity-based method when the normalized MSE is greater than −20 dB.
VII. CONCLUSION
We proposed an algorithm to optimize an MU-MIMO WPCN in terms of the max-min achievable rate. Through numerical simulations, it was verified that the proposed ZF-based method provides a good tradeoff between the complexity and the performance. The proposed ZF-based scheme can be used to implement a practical MU-MIMO WPCN requiring realtime operations.
APPENDIX PROOF OF CONVEXITY OF R(τ ) IN (21)
Proof: We first show the convexity of R k (τ ) in (28) and it is always negative for 0 < τ < 1, we can readily show g k, (τ ) is a concave function of τ . Since {g k, (τ )} are concave functions, the sum of them, i.e., R k (τ ) is also concave with respect to τ . Similarly, we can show that {R k (τ ), ∀k} are concave functions. Because any function selected from concave functions is obviously a concave function, R(τ ) selecting the minimum among {R k (τ )} is a concave function with respect to τ . This completes the proof.
